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ABSTRACT
Oxide dispersion strengthened (ODS) ferritic steels are currently being
investigated as candidate materials for nuclear applications due to their increased high
temperature strength and low activation characteristics. Recent studies have shown
that ODS ferritic steels containing Ti exhibit enhanced high temperature properties
due to the formation of a very fine dispersion of nanometer-sized oxide clusters based
on Ti, Y, and O. Studies are currently underway to examine so called 14YWT alloys
with nominal compositions of Fe-14Cr-3W-0.4Ti (wt. %) mechanically alloyed with
0.25 (wt.%) Y2O3. The focus of this study was to investigate how the early stages of
processing of 14YWT alloys during mechanical milling, heat treatment, and
consolidation affect the structure and properties of the alloys.
The 14YWT alloys were milled at different times up to 80 hours, along with
alloy powder compositions of Fe-14Cr + 0.25 wt.% Y2O3 (14Y) and Fe-14Cr without
Y2O3 (Fe-14Cr). The evolution of the microstructure and mechanical properties
during milling was examined with a combination of optical metallography, x-ray
diffraction, electron microscopy, atom probe tomography, and nanoindentation.
Alloy powders were also heat treated and studied using high temperature x-ray
diffraction and differential scanning calorimetry methods. Special attention was paid
to milling parameters and temperature ranges which lead to the formation of nanosized oxide clusters in the alloys. Finally, the microstructure of consolidated alloys
was examined and related to milling and heat treatment methods.
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Mechanical properties and microstructure during milling were similar in the
three alloy powders examined regardless of dispersoid or alloy addition. Mechanical
mixing of the alloy powders was inefficient after 40 hours of milling. Milling did not
produce bulk amorphous phases but quickly reduced the crystallite size to ~10-20 nm.
Milling also resulted in relatively uniform dissolution of Y2O3. Thermal studies in
the range of 600-850 °C showed precipitation of oxide clusters occurred before
consolidation which blocked recrystallization and grain growth. Results also showed
retention of sub-micron sized grains at high temperature in both the annealed powders
and extruded material was seen to be direct evidence of nano-cluster formation.
Alloy extrusions conducted at 1175 °C showed coarse oxide precipitation while
extrusions at 850 °C showed nanometer-sized clusters. The results indicated that the
heat treatment temperature before consolidation was very important for producing the
most favorable microstructure.
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INTRODUCTION
1.1

Mechanical Alloying

Oxide dispersion strengthened (ODS) alloys have been widely used because
of their improved high temperature properties. Historically, oxide dispersion
strengthening was developed as a way to improve the high temperature creep
resistance of nickel and iron-based super-alloys by introducing a dispersion of stable
oxide particles into a metal alloy matrix [1]. The oxide particles act as barriers to
dislocation movement at high temperature, increasing the creep resistance and
effective operating temperature for the alloys. An example of the improved creep
properties of ODS alloys compared to some other conventional superalloys is shown
in Figure 1 [2].
Mechanical alloying (MA) serves as the basis for producing most ODS
materials. It is a powder metallurgy process that consists of ball milling metal alloy
powders together with stable, but usually insoluble, oxide powders. The mixture is
then canned under vacuum and consolidated using hot-isostatic pressing or extrusion.
Consolidated alloys are subsequently thermo-mechanically processed by zone
annealing or hot rolling. The important steps in this process are summarized in
Figure 2 [3].
Several different types of mills have been developed to mechanically disperse
the insoluble oxide powders into a metal alloy. The most common mills include

1

Figure 1 A comparison of creep capabilities of ODS alloys and other high
temperature alloys [2].

2

Figure 2 A schematic representation of important steps in processing ODS alloys
[3].

3

SPEX (shaker) mills, planetary ball mills, and attrition mills. The mills consist of a
drum which contains hardened steel balls that are agitated in some way. A simple
schematic of an attrition type mill similar to that used in this study is shown in Figure
3. During the milling process, rotating impellers cause a series of ball-ball and ballmill collisions. Alloy powder particles are repeatedly flattened, cold-welded, and
fragmented in these collisions as shown in Figure 4a. The typical microstructural
evolution during the ball milling process is shown in Figure 4b. Ductile metal
powders are flattened and welded together producing a lamellar structure. Brittle
oxide particles fragment and are trapped inside lamellar surfaces created between the
ductile metal powders. Eventually, the oxide particles become uniformly dispersed as
shown at the right of Figure 4b [3].
Many variables exist in the mechanical alloying process such as milling time,
ball/powder ratio, agitation rate, ball mill atmosphere, and temperature of
consolidation. Milling time is commonly considered to be the most important
parameter. Milling time is usually chosen to be long enough to reach a steady state
between welding of particles and fragmenting. After this point, mixing becomes less
efficient and milling for longer times can significantly increase contamination. The
milling atmosphere can also be a significant source of contamination when milling.
Consequently, milling for metals and other reactive alloys are usually done in a sealed
mill under an inert atmosphere.
The milling process heavily deforms alloy powders increasing the dislocation
density, amount of crystal defects, and vacancy concentration in the alloy. It has also
4

Figure 3 Schematic of an attrition mill similar to that used in this study [3].
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(a)

(b)
Figure 4 Schematic representation of milling process showing: (a) welding and
fragmenting during collisions, (b) microstructural evolution during alloying [3].
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been shown to refine the microstructure in iron and other alloys by producing
nanometer sized grains [4][5]. The refined microstructure and increased grain
boundary area have been shown to enhance diffusion and increase solid solubility.
Mechanical alloying has also shown the ability to dissolve relatively insoluble
dispersoids into an alloy matrix. In some cases, milling has been shown to produce
non-equilibrium structures and even induce amorphization [6][7]. A very complete
review of the progress in mechanical alloying has been given by Suryanarayana [3]
1.2

ODS Ferritic Alloys

Several ferritic alloys have been investigated for use in nuclear structural
applications. The alloys are attractive for use as tubing in fission reactors or first wall
materials in fusion reactors because of their low activation and favorable swelling
characteristics. ODS ferritics have the potential to increase the operating temperature
over traditional ferritic alloys because of their improved high temperature strength.
Although many oxide dispersoids have been investigated in ferritic steels, Y2O3 has
been shown to give the most promising high temperature properties
[8][9][10][11][12]. Currently, several ODS ferritic steels are commercially available
including alloys such as MA 956 and MA 957 (developed by INCO alloys), PM 2000
(developed by Hochtemperatur-Metall GmbH), and ODM 751 (developed by Dour
Metal). Table 1 gives a summary of the compositions of some commercially
available ODS ferritics.
Recent studies of experimental ODS alloys with nominal compositions of Fe12Cr-3W-0.4Ti (wt.%) mechanically alloyed with 0.25 wt.% Y2O3 (called 12YWT)
7

Table 1 Compositions of some commercially available ODS ferritic steels.
Steel

Fe

Cr

Mo

Ti

C

Al

Y2O3

MA957

Balance

14.0

0.3

1.0

0.01

-

0.27

MA956

Balance

20.0

-

0.5

0.01

-

0.5

PM2000

Balance

20.0

-

0.5

<0.04

5.5

0.5

ODM751

Balance

16.5

1.5

0.6

-

4.5

0.5
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have shown dramatically improved high temperature capabilities [13][14][15].
Figure 5 shows a comparison of creep properties of the 12YWT alloy compared with
some other ODS alloys and an alloy 12Y based on Fe-12Cr + 0.25 wt.% Y2O3. The
figure shows a plot of the Larson-Miller parameter (LMP) versus stress as a way of
combining time (t) and temperature (T) data during a creep rupture test. The
improved properties were shown to be the result of an ultra-fine dispersion of oxide
particles or clusters which were much smaller than the Y2O3 oxide particles
introduced into the mechanical alloying process. High resolution transmission
electron (TEM) microscopy showed a very uniform dispersion of oxide particles only
a few nanometers in size which were rich in Ti and Y as shown in Figure 6a.
Electron diffraction techniques revealed that the oxide particles were a complex oxide
of Y2O3-TiO2 or Y2O3-2TiO2 [10]. Subsequent 3-D atom probe tomography work
conducted by Miller confirmed that the particles were extremely small clusters of
complex oxides based on Ti, Y, and O (shown in Figure 6b) which are not present in
non-Ti bearing alloys [17][18]. Results indicate that the stable Y2O3 particles
dissociate during the milling of the alloys. Some studies suggest that the Y and O
dissolves in the α-Fe crystalline structure [19]. Other studies have indicated that most
of the Y and O exist in essentially amorphous grain boundary regions between the
nano-sized grains produced during milling [20]. During subsequent thermomechanical processing, new complex oxide precipitates form, which are on the order
of a few nanometers in size. The studies have also shown that the presence of Ti is
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Figure 5 Comparison of 12YWT with other ODS alloys showing enhanced creep
rupture strength.
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(a)

Cr

Y

10 nm

Ti

O

(b)
Figure 6 Experimental results of 12YWT alloys showing nanometer size oxide
clusters rich in Y and Ti: (a) high resolution TEM, (b) 3-D atom probe [14].
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important in refining the oxide particle size to the nano-meter scale, but the exact role
that Ti plays is unclear [21].
Current studies are underway at the Oak Ridge National Laboratory to
investigate and develop 14YWT alloys based on Fe-14Cr-3W-0.4Ti mechanically
alloyed with 0.25 wt.%Y2O3. Most of this work has examined the structure and
properties of consolidated materials. For instance, studies have shown that the
14YWT alloys produced by mechanical alloying and consolidation contain nanocluster particles similar to those found previously in 12YWT alloys [22][23]. Several
studies lead by Hoelzer have also investigated the mechanical properties of extruded
14YWT alloys [24][25]. These studies have shown comparable high temperature
strength when compared with other ODS alloys. Finally, other studies have
characterized the particle stability in consolidated 14YWT alloys and found the
particles to be very stable even at high temperatures [26].
1.3

Research Objectives

Even though much work has been done toward developing 14YWT alloys,
little work has focused on investigating the early stages of processing of these alloys:
namely, milling parameters and heat treatment before alloy consolidation by
extrusion. To accomplish this, 14YWT alloys were milled under several different
conditions, along with alloy powder compositions of Fe-14Cr + 0.25 wt.% Y2O3 and
Fe-14Cr without Y2O3 (Fe-14Cr). For reference, Figure 7 shows the Fe-Cr phase
binary phase diagram indicating the approximate composition of the alloys [27]
investigated. It can be seen that the alloys have been chosen to be completely ferritic.
12

Figure 7 Fe-Cr phase diagram indicating the approximate composition of the
alloys in this study [27].
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Studies were conducted to quantify the effects of mechanical milling and
presence of Ti on the instability and possible dissolution of yttria. The evolution of
the microstructure of alloy powders during milling was examined before extrusion
with a combination of optical metallography, x-ray diffraction, electron microscopy,
atom probe tomography, and differential scanning calorimetry methods. Mechanical
properties of milled powders were examined using nanoindentation techniques.
Alloy powders were also heat treated and studied to simulate the thermal
effects before high temperature extrusion corresponding to the de-gassing and
canning stage shown in Figure 2. Special attention was paid to milling parameters
and temperature ranges which lead to the formation of nano-sized oxide clusters in
the 14YWT alloys. Finally, the microstructure of extruded material was examined
and related to milling and heat treatment methods. The overall objective was to better
understand how and why the powder processing affects the structure and properties of
the alloys.

14

2

EXPERIMENTAL PROCEDURES
2.1

Mechanical Milling of Alloy Powders

Three main sets of alloy powders were examined in this study. The nominal
compositions of these alloys in wt. % were: 1) Fe14Cr, 2) Fe14Cr blended with 0.25
wt. % Y2O3 (called 14Y), and 3) Fe14Cr3W0.4Ti blended with 0.25 wt. % Y2O3
(called 14YWT). The Fe14Cr and 14Y alloys were chosen to better understand the
roles that the Y2O3 dispersoid and Ti play in the processing of these alloys.
The Fe-Cr based alloys were supplied in the gas atomized state from Crucible
Research and Special Metals. The composition of the alloys is given in
Table 2. The Y2O3 dispersoid was supplied from the Nanophase Technology Corp. in
the form of particles between ~10-30 nm in size. The gas atomized alloy powders
were sieved to a particle size between 45-150 µm and mechanically blended with the
Y2O3 for 4 hours before milling. The three alloys were ball milled with 4.75 mm steel
balls in a He atmosphere using a water-cooled Zoz Simolayer high energy attritor mill
shown in Figure 8. The ball to powder ratio used was 10:1 and the mill was operated
with a modulated milling speed from 250-900 rpm. The alloy powders were milled
for 5, 10, 15, 20, 40, and 80 hours.
2.2

Alloy Extrusion

After milling, alloy powders were consolidated by hot extrusion (see Figure 2).
Two sets of extrusions were carried out. During the first set, alloy powders milled for
80 hours were loaded into a stainless steel can and degassed at 400 ºC. The powders
15

Table 2 Alloy powder compositions before milling
Alloy Powder
Element

Fe14Cr, 14Y

14YWT

Composition (wt. %)

Fe

85.723

82.607

Cr

14.000

13.980

W

0.001

2.820

Ti

0.010

0.390

Si

0.018

0.150

Mn

0.010

0.010

Ni

0.010

0.010

S

0.003

0.004

O

0.042

0.008

N

0.002

0.002

C

0.005

0.004

P

0.004

0.005

Al

0.010

0.010

Total

100

100

16

Figure 8 Zos Similayer attrition mill used to mill alloy powders.
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were then held at 1175 ºC for one hour and extruded using a reduction ratio of 16:1.
In the second set of extrusions, powders milled for 40 hours were degassed in a mild
steel can at 400 ºC, held for one hour at 850 ºC, and extruded using a reduction ratio
of 7:1.
2.3

Metallography

Many metallographic specimens were prepared of the different alloy series
during and after milling. Alloy powders were mounted in epoxy and
metallographically polished using SiC papers down to 600 grit. The samples were
then polished with vibratory polishing equipment using diamond paste down to 1 µm
and finally with 0.05 µm Al2O3. To reveal grain structure and other features, a 10%
HF-water solution was used [28]. Select samples were also polished using a final
colloidal silica polish to reveal grain structure and then left in the un-etched condition.
2.4

Powder Morphology

Micrographs of mounted and polished powder particles were examined using
Scion Image version 4.02 software (http://www.scioncorp.com/). To quantify the
approximate size of powder particles during milling, Scion Image was used to
examine micrographs to measure the approximate cross-sectional area of the mounted
particles. The average cross-sectional area of one hundred particles was used for each
measurement. The major and minor axes of an ellipse were fitted to the particles in
the micrographs to roughly determine the change in the aspect ratio of the powders
during milling.
18

2.5

Nanoindentation

Nanoindentation experiments were conducted on polished and unetched
samples to quantify the modulus and hardness of alloy powders after milling and
annealing. The experiments were conducted using a Berkovich indenter on the
Dynamic Contact Module (DCM) head of a Nanoindenter XP machine. The area
function of the indenter and machine compliance were calibrated using a fused silica
standard using the Oliver-Pharr method [29]. Measurements were conducted using
the continuous stiffness mode to depths of 500 nm. Due to the pronounced substrate
effect of hard particles mounted in epoxy, data were obtained at depths between 50100 nm. Five indents were made on each powder particle and the properties of ten
powder particles for each alloy and condition were averaged.
2.6

X-ray Diffraction

Room temperature x-ray diffraction was used to examine the structure of the
milled powders. A Scintag XDS2000 theta-2theta diffractometer was used with a 1
mm slit size. Several different radiations were used including Cu, Co, Cr, and Mo.
Different radiation sources were used to increase the number of peaks available for
analysis. Scans were conducted using a continuous scan mode at a rate of 2
degree/min for a various ranges of 2theta depending on the type of radiation used. A
LaB6 standard was used in all cases to quantify the instrumental broadening of the
diffractometer.
High temperature x-ray diffraction was also conducted on several milled
samples. In these experiments, a Scintag PadX diffractometer was used with a Mo
19

radiation source. The experiments were conducted in a gettered-Ar atmosphere. First,
scans were taken at room temperature. Next, the samples were heated at temperature
intervals of 100 °C in the temperature range of 600-1100 °C by placing the powders
on a Ta heating strip. The temperature of the heating strip was monitored using a
thermocouple which was spot welded to the strip. The temperature measurements
were also verified to +/-10 °C by viewing the sample with an optical pyrometer.
Finally, the samples were cooled down and a final room temperature scan was
conducted. The temperature as a function of time during the experiment is shown in
Figure 9. Again, a LaB6 standard was used to quantify the instrumental broadening.
Plotting, peak fitting, and Reitveld Analysis were done using JADE 6.5
software (http://www.materialsdata.com/) and X'Pert High Score Plus Software
(http://www.panalytical.com/). The steps in this analysis are well documented [30].
A polynomial fit was used for the background in the analysis. Particle size and strain
was quantified using the Warren-Averbach method [31]. In this analysis, the total
peak broadening is related to the crystallite size and strain by the equation:
B cos θ =

0.9λ
+ η sin θ
d

where B is the peak breadth after instrumental correction, λ is the wavelength, d is the
crystallite size, and η is the lattice strain. A pseudo-Voigt function was used to fit the
peak profiles where the Gaussian component was used in the strain calculation and
the Lorentzian component was used in the crystallite size determination [32].
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Figure 9 Time-temperature profile of HTXRD scans.
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2.7

Heat Treating of Powders

To simulate the heat treating of powders before extrusion as discussed in
section 2.2, the 80 hour milled powders from each of the three alloy series listed in
Section 2.1 were annealed at high temperature. The powders were placed in ceramic
boats and loaded into a horizontal quartz-tube vacuum furnace. Alloy powders were
annealed at 600, 700, 800, and 850 °C for 1 hour under vacuum. At all times during
the heat treating the pressure was maintained between 1-10 µtorr.
2.8

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) experiments were conducted on the
80 hour milled powders of the Fe14Cr, 14Y, and 14YWT alloys. The DSC
measurements were carried out using a Netzsch DSC 404C with flowing argon gas.
The temperature of the cell was calibrated by using a sapphire standard. In each
experiment, approximately 250 mg of alloy powder was loaded in a Pt-Rh crucible
and heated between 25 °C and 1200 °C at a rate of 20 °C/min. Each measurement
was followed by a second run using the same conditions to observe any reversible
transients.
2.9

Electron Microscopy and Atom Probe Characterization

Several samples were examined using scanning electron microscopy (SEM),
back scattered electron microscopy (BSE), and transmission electron microscopy
(TEM). Mounted powders were coated with a thin layer (~50nm) of carbon applied
by sputter deposition before examination with the SEM. SEM and BSE experiments
22

were conducted using a JEOL 6500 SEM instrument. The typical operating voltage
was 10 kV. TEM samples of as-milled powder particles were constructed by
mounting the particles in epoxy, coating the specimens with platinum, and using
focused ion beam (FIB) milling. TEM samples of bulk extruded alloys were also
created by FIB milling. Samples of alloy powders were prepared for local electrode
atom probe (LEAP) analysis by using a two step process. First, an individual powder
particle was attached to a tungsten needle using a platinum deposit. Secondly, the
flake was milled into a sharp needle by a dual beam FIB process. LEAP analysis was
performed at a temperature of 50-60 K at a pulse repetition rate of 100 kHz*.

*

LEAP experiments performed by M. Miller, ORNL.
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3

RESULTS AND DISCUSSION
3.1

Examination of Alloy Powders Before Milling

As-received alloy powders were essentially spherical in shape after gas
atomization. Figure 10 shows optical micrographs of polished and etched alloy
powders of FeCr and Fe14CrWTi after sieving. The powders for both alloys appear
very similar with a grain size of approximately 15 µm. After sieving the alloy
powders were blended with 0.25 wt% Y2O3. Figure 11 shows an SEM image of the
Fe14CrWTi alloy after blending with the yttria dispersoid. Very small agglomerates
of the Y2O3 dispersoid can be clearly seen on the surface of the alloy powder.
3.2

Milled Powder Morphology

Detailed observations of the powder morphology were made during milling
through a combination of optical microscopy and SEM. Special attention was paid to
the particle size and shape as a function of milling time. Very similar results were
observed for all three alloy powders. Figure 12 shows optical micrographs of
Fe14Cr+ 0.25 wt.% Y2O3 powders after various stages of milling from 0 hours (no
milling) to 80 hours. The micrographs of Figure 12 are very representative of the
appearance of all three of the powder series that were examined regardless of
composition or presence of Y2O3 dispersoid. In the early stages of milling, particles
increase in size as the relatively ductile particles are heavily deformed and welded
together. The particles show a very folded, lamellar-like structure as shown in
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(a)

(b)

Figure 10 Micrographs showing as-recieved alloy powders after seiving: (a) Fe14Cr powders, (b) Fe-14Cr-3W-0.4Ti powders.
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Y2O3 Agglomerate

Figure 11 SEM image of as-received Fe-14Cr-3W-0.4Ti powder blended with
Y2O3 showing Y2O3 adsorbed on surface.
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(a)

(b)

(c)

(d)

Figure 12 Optical micrographs showing milled Fe14Cr+Y2O3 powders after
various milling times: (a) unmilled, (b) 5 hours, (c) 10 hours, (d) 15 hours.
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(e)

(f)

(g)
Figure 12 continued (e) 20 hours, (f) 40 hours, and (g) 80 hours.
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Figure 13. The spacing of the lamellar structure is reduced to below 1 µm in only 5
hours of milling. In the latter stages of milling, particles tend to work-harden and
fragment as shown in Figure 14. This behavior is typical of ODS alloys and has been
observed in several ductile metal alloy systems [33]. Figure 14 also shows that
mechanical mixing becomes inefficient after approximately 40 hours of milling
because after this time welding of particles is essentially replaced by fragmenting.
The particle size of alloys was quantified for all three alloys under
investigation by measuring the cross-sectional area of mounted and polished particles.
The average spherical diameter of the particles was then found by using the
relationship [34]:
D A = (4 Aπ )

1/ 2

where DA represents the average spherical diameter and A is the measured projected
cross-section area. The average spherical diameter as a function of milling is shown
for the alloy powders in Figure 15. Powder particles quickly increase in size to
several hundred µm in the early stages of milling up to 10 hours but then rapidly
decrease in size to become less than 50 µm after 80 hours of milling.
3.3

Chemical Composition and Contamination of Milled Powders

Contamination in mechanically alloyed systems can be considerable,
especially as the milling time is increased [3]. Contamination can come from the
grinding medium and milling container as well as from the milling atmosphere.
Because of the similar nature of the alloy powders and the grinding media,
contamination from substitutional impurities such as Fe and Cr were expected to be
29

Figure 13 14YWT alloy milled for 5 hours showing lamellar, folded structure.
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Figure 14 14YWT milled for 40 hours showing cracking and fragmenting.
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Figure 15 Size of powder particles as a function of milling.
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90

low. Examination of contamination centered on interstitial impurities that play an
important role in the microstructure. Table 3 shows the amount of the interstitial
elements O, N, and C after milling for 80 hours. The carbon content is seen to be
quite low (less than 0.06 wt. %) after milling for 80 hours indicating that the
formation of carbides is not a concern in the alloys. A substantial increase in the
amount of O and N are seen, but the increases are similar to studies conducted on
martensitic ODS steels in high purity milling environments [35]. These studies
indicate that the amount of excess oxygen is important for improvement of oxide
particle dispersion. Excess oxygen content is defined as the difference in the amount
of oxygen introduced in the Y2O3 and the total amount dissolved in the alloy. The
amount of excess oxygen in the alloys in this study were in the range of 0.2 wt. %,
whereas the results of Oshtuka [35] indicate that excess oxygen content in the range
of 0.1 wt. % gave the most favorable particle dispersion. The results again suggest
that a shorter mill time of 40 hours may be appropriate because of the increased
contamination at longer milling times.
3.4

Structure of Milled Alloy Powders

The structures of the alloy powders were examined using a combination of
chemical analysis, x-ray diffraction, TEM, and atom probe techniques. Attention
focused on the reduction of grain size during milling and the subsequent formation of
new or amorphous phases and the role of dispersoid during milling.
X-ray diffraction techniques were used to examine the phases present as well
as to quantify the crystallite size and strain as a function of milling. Particular
33

Table 3 Amount of important trace elements after milling for 80 hours.
Alloy Powder
Element

14Y

14YWT

Amount of Element (wt. %)

O

0.310

0.200

N

0.250

0.160

C

0.055

0.040
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attention focused on the formation of amorphous phases and the presence of phases
containing yttria. Figure 16 shows x-ray scans of the un-milled Fe14Cr and
Fe14Cr3W0.4Ti alloys after blending with 0.25 wt.% Y2O3. All peaks observed are
based on α-Fe (ferrite). Figure 17 shows an expanded view where a slight shift in
lattice parameter is observed with W and Ti alloy additions. Note that phases based
on Y2O3 can not be resolved. Furthermore, peaks based on Y2O3 could not be
detected even when using synchrotron radiation as shown in Figure 18*. Figure 18
reveals no peaks based on Y2O3 in what should be the highest intensity (222)
reflection. Even though the amount of Y2O3 dispersoid present in the blended
powders should be detectable by diffraction techniques, the small starting
particle/crystallite size of the Y2O3 makes it undetectable because of significant peak
broadening [36].
X-ray diffraction scans were also conducted on milled powders after various
mill times up to 80 hours. Figure 19 shows diffraction results for unmilled (blended)
Fe14Cr+Y2O3 powders as well as scans of milled powders after 5, 10, 15, 20, and 80
hours of milling. Figure 19 shows that significant peak broadening is observed
during milling. Peak broadening for the (110) α-Fe peak is shown more clearly in
Figure 20. Figure 21 and Figure 22 show similar diffraction scans for un-milled, 5,
and 80 hour milled Fe14Cr and14YWT powders. Again, peak broadening is
observed with increased milling.

*

Synchrotron experiment performed by C. Rawn, ORNL.
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Figure 16 XRD pattern of Fe14Cr and Fe14Cr3W0.4Ti powders blended with
0.25 wt% Y2O3 (Cr source).
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Figure 17 XRD scans of blended 14Y and 14YWT alloys showing a shift in
lattice parameter with alloy addition (Cr source).

37

NSLS Beamline
222

Blended Fe-14Cr + Y2O3

Figure 18 Scan of FeCr+Y2O3 blended powder using synchrotron radiation
showing no phases based on Y2O3.
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Figure 19 XRD scans of 14Y alloy milled for various times showing peak
broadening (Co source).
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130

Figure 20 Expanded view of (110) peak showing substantial peak broadening
during milling (Cr source).
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Figure 21 XRD scans of Fe14Cr alloy before milling and after milling for 5 and
80 hours (Mo source).
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Figure 22 XRD scans of 14YWT alloy before milling and after milling for 5 and
80 hours (Mo source).
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Peak broadening was used to quantify the lattice strain increase and crystallite
size reduction during milling as discussed in section 2.6. Dislocations, vacancies and
similar defects manifest themselves by increasing the elastic lattice strain. Crystallite
size refers to the size of crystalline domains in the sample caused by dislocation
arrays or other imperfections. Crystallite sizes are commonly reduced to nanometer
dimensions in alloys and pure metals that remain crystalline [37]. Crystallite size and
lattice strain measurements for the FeC+Y2O3 powders are shown in Figure 23. As
expected, the lattice strain increases rapidly with milling as vacancies and defects are
produced when cold working the alloy powder. Crystallite size is seen to decrease
rapidly and after only 5 hours of milling has been reduced to ~25 nm in size. The
trends shown in Figure 23 for the 14Y alloy are expected to be quite similar in the
FeCr and 14YWT alloys based on the similar mechanical properties measured for all
three powder series given in section 3.5. Indeed, Table 4 shows that crystallite size
and strain for the FeCr and 14YWT powders reach similar values after to those shown
in Figure 23 for the 14Y alloy 80 hours of milling. Crystallite sizes are similar to
those measured in ball-milled, nanocrystalline iron [38][39][40]. It is also very
important to note that x-ray diffraction results show that bulk amorphization of the
alloys does not occur, which would manifest itself by broad peaks at low angles in
the diffraction patterns.
TEM images of as milled 14YWT powders are shown in Figure 24. Fairly
equiaxed grains within the dislocation cell structure are seen with sizes between
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Figure 23 Plot showing increase in lattice strain and decrease in crystallite size in
Fe14Cr+Y2O3 measured by x-ray diffraction.
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(a)

(b)
Figure 24 TEM images of 14YWT powder after 80 hours milling: (a) bright field,
(b) dark field.
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~10-40 nm. These sizes are in fairly good agreement with crystallite sizes measured
by x-ray diffraction given in Table 4. The TEM results are very similar to those
obtained in similar Fe-13.5Cr-3Ti alloys [41]. No evidence of dispersoid particles is
seen indicating that dissolution of the yttria dispersoid has occurred.
Local electrode atom probe (LEAP) characterization was performed on
14YWT alloy powder after 80 hours of milling. Atom maps showing the distribution
of Y, Ti, and O are shown in Figure 25. Figure 25 shows a uniform distribution of Ti
and O. No evidence of nano-cluster particles or phases based on Y are seen. The
dispersion of Y is fairly uniform within the sample but shows some enrichment on
planar features. One of these features is outlined in the figure and may correspond to
the lamellar folds shown in Figure 13 where Y2O3 was folded into the structure
during milling. The above results indicate that the dissolution of Y2O3 is fairly
complete after 80 hours of milling.
Related studies have shown that dissolution of Y2O3 does indeed occur when
milling. These studies have suggested that dissolved Y and O reside in amorphous
regions that exist in between the nano-sized grains created during milling [20]. The
results obtained from Figure 25 indicate that Y and O are far more uniformly
distributed and probably exist at both grain boundary regions and dissolved in the αFe grains.
3.5

Mechanical Properties of Milled Powders

Mechanical properties (modulus and hardness) of the milled powders were
measured as a function of milling time using nanoindentation. Elastic modulus
46

Table 4 Crystallite size and strain measurements for FeCr, 14Y, and 14YWT
alloys after 80 hours milling
Milled 80 hours

Alloy Powder

Cyrstallite Size

Lattice Strain

(nm)

(%)

14Y

11.1

0.577

FeCr

15.2

0.410

14YWT

12.5

0.542
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Figure 25 Atom map of 80 hour milled 14YWT alloy powders showing
distribution of Y, Ti, and O.
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measurements are shown in Figure 26. As can be seen, the elastic modulus is
measured to be ~200 MPa and is unaffected by milling up to 80 hours of milling. In
addition, the modulus is little affected by W and Ti additions or by milling with Y2O3
dispersoid. The elastic modulus measurements are in close agreement with those
obtained for bulk ferritic stainless steels [42].
Hardness measurements show that the hardness measured by nanoindentation
increases with milling time continuously up to 80 hours of milling as shown in Figure
27. The hardness dramatically increases to values of over 10 GPa (~1000 HV) during
milling. This type of hardness increase is expected as the milled particles are
increasingly cold worked and the crystallite/grain size decreases (refer to Figure 23).
Hardness does not appear to be affected by alloying addition and dispersoid, i.e. solid
solution strengthening. In addition, hardness-crystallite size data give a fairly good fit
to a Hall-Petch type relationship of the form:
H = H o + K H d −1 / 2

where H is the measured hardness, Ho is a material constant, KH is the fitting
parameter (constant) and d is the grain diameter. The Hall-Petch behavior is shown
in Figure 28 and is very similar to that observed when ball milling high purity iron
[38].
3.6

Thermal Effects on Powders

Important temperature ranges for the processing of the milled alloys in this
study were investigated using a number of techniques. High temperature X-ray
diffraction was used in conjunction with differential scanning calorimetry to examine
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Figure 26 Elastic Modulus of milled powders as a function of mill time.
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the structure as well as the thermal stability of the alloys at high temperature. To
supplement these experiments, alloy powders were annealed at high temperature and
examined using SEM and nanoindentation techniques. The purpose was to identify
temperature ranges and conditions that are important in the formation of nano-clusters,
especially with respect to heat treatments that may be applied before extrusion (i.e.
the degassing and canning steps shown in Figure 2).
Alloy powders milled for 80 hours were annealed at 600, 700, 800, and 850 ºC
for 1 hour. Figure 29 shows SEM micrographs of the Fe14Cr alloy after annealing.
The figure shows that the very small grain structure that remains up to 600 ºC, but the
Fe14Cr alloy without dispersoid begins to recrystallize around 700 ºC. It is also seen
that relatively abnormal grain growth occurs in the alloy resulting in a bi-modal grain
size. The alloy is completely recrystallized by 800 °C. Figure 30 shows SEM
micrographs of the 14Y (Fe14Cr + Y2O3) alloy after annealing. When comparing
Figure 29 and Figure 30 it is seen that the addition of Y2O3 dispersoid increases the
recrystallization temperature to approximately 800 ºC. It appears that in this heat
treatment range, precipitates are forming in the alloy containing the dispersoid and
that the precipitates are acting as barriers to grain growth. Addition of the dispersoid
retains the small grain size at higher temperatures. Finally, Figure 31 shows SEM
micrographs of the annealed 14YWT alloy powders. In this case, the alloy retains
sub-micron sized grains even up to 800 ºC. Regions with larger grains are just
starting to appear in the 850 ºC micrograph. The micrographs indicate that the
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(a)

(b)

(c)

(d)

Figure 29 SEM micrographs of annealed Fe14Cr powders: (a) 600, (b) 700, (c)
800, (d) 850 °C.
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(a)

(b)

(c)

(d)

Figure 30 SEM micrographs of annealed 14Y (FeCr+Y2O3) powders: (a) 600, (b)
700, (c) 800, (d) 850 °C.
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(a)

(b)

(c)

(d)

Figure 31 SEM micrographs of annealed 14YWT powders: (a) 600, (b) 700, (c)
800, (d) 850 °C.
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precipitates in the 14YWT alloy are very effective in blocking grain growth. Figure
32 also shows a BSE image of the 14YWT powder which was annealed at 850 ºC.
Again a bi-modal grain size is observed after annealing.
Hardness of the alloy powders was also measured after annealing. The results
are shown in Figure 33. It is clear that the presence of Y2O3 dispersoid has a
significant effect on the mechanical properties of the annealed powders when
comparing the three alloys. Figure 33 shows that the alloys with dispersoid retain a
high hardness even up to 850 °C. The retention of the high hardness is due to the
retention of the extremely small grain size shown in Figure 30 and Figure 31 and may
also be due to a strengthening effect of precipitate particles that form during
annealing.
High temperature x-ray diffraction (HTXRD) scans were conducted at various
temperatures on the alloy powders after milling for 80 hours. Figure 34 shows
HTXRD scans on the FeCr alloys. In Figure 34, a room temperature scan was
conducted which is shown at the bottom of the figure. In addition, scans were
conducted at 700, 800, 900, 1000 ºC, and finally a scan was conducted at room
temperature after the sample was cooled. The initial room temperature scan shows
only phases based on α-Fe (ferrite). The room temperature scan is quite similar to
Figure 16 with some extra peaks corresponding to the Ta heating strip as labeled.
Upon heating, it is seen that the ferrite peaks become somewhat sharper due to a
reduction in strain and possible recrystallization and grain growth. New peaks are
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Fine

Figure 32 BSE image of 14YWT powders milled for 80 hours and annealed at
850 ºC for 1 hour showing bi-modal grain size.
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Figure 33 Hardness as measured by nanoindentation of alloy powders after
annealing.
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Figure 34 HTXRD scans of the 80 hour milled Fe14Cr alloy powders.
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seen to form during the 900 and 1000 °C scans corresponding to oxide Cr2O3 and γFe (austenite) formation as labeled in Figure 34. Similar results are seen for the 14Y
and 14YWT alloys as shown in Figure 35 and Figure 36 respectively. It is also
important to note that the results were examined for the possible formation of phases
based on yttrium-containing precipitates at high temperature. However, such phases
were not observed in any of the scans.
The HTXRD scans for all three alloys show that austenite is unexpectedly
forming in the alloys at high temperature even though the alloys were chosen to be
completely ferritic. Austenite formation seems to be occurring concurrently with the
formation of Cr2O3 which was observed in the scans. Cr2O3 formed in the powders at
high temperature even in inert (argon) atmosphere, and the powders were visibly
oxidized when visually examined after the HTXRD experiments. Formation of
austenite in the powders can be explained as a result of Cr2O3 formation leading to
areas slightly depleted in Cr. Austenite formation has also been observed at around
1000 ºC in milled alloy powders of MA957 alloys which also contain 14 wt.% Cr
[43][43]. Austenite formation may also be aided by the dissolved N picked up during
milling which acts as an austenite stabilizer. The results also show that heat treatment
in the range where austenite may form should be avoided for obtaining a uniform
microstructure due to the possible formation of martensite in the alloys.
An attempt was made to use the high temperature x-ray diffraction results to
observe a possible increase in crystallite size and decrease in strain upon annealing
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Figure 35 HTXRD scans of 80 hour milled 14Y powders.
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Figure 36 HTXRD scans of 80 hour milled 14YWT powders.
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similar to the methodology used in section 3.4. The technique was unsuccessful due
to the bi-modal grain size observed in all of the annealed powders (see Figure 29).
Differential scanning calorimetry (DSC) methods were employed to examine
the thermal characteristics of the milled powders in the range of 25-1200 °C. DSC
scans were conducted on all three alloy powders by heating and re-heating to
distinguish between any reversible and irreversible thermal transformations. Figure
37 shows the DSC measurement upon heating and re-heating the 80 hour milled FeCr
alloy powder. The exothermic direction is shown on the figure. Figure 37 also shows
a subtraction curve representing the difference between the initial heating and re-heat
curves. A broad exothermic event occurs between 200-600 °C that corresponds to
recovery in the alloy. A reversible event occurs at approximately 700 °C which
corresponds to a magnetic transformation in Fe (refer to Figure 7). These two events
were seen in all three alloys. A sharp peak was seen on initial heating at 800 ºC
which corresponds to recrystallization in the alloy. This was confirmed by SEM
micrographs of annealed powders shown in Figure 29, which show recrystallization
in the range of 700 °C. The discrepancy may be due to the different heating rates of
the DSC and annealed powders. Another peak is seen during initial heating near
1100 °C which may correspond to oxide formation that was also observed with
HTXRD. Again, alloy powders showed significant oxidation in the DSC, even in the
argon environment.
Figure 38 shows DSC results taken from heating the 14Y alloy powders.
Similar features are seen in the difference curve of Figure 38 when comparing to
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Figure 37 DSC results obtained from 80 hour milled FeCr powders.
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Figure 38 DSC results obtained from 80 hour milled 14Y powders.
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Figure 37. The recrystallization temperature is seen to increase to almost 900 °C,
which is confirmed when viewing the SEM micrographs of the annealed powders of
Figure 30. A new thermal event is seen to occur at approximately 1000 °C for the
14Y alloy that is not present in the DSC scan for the FeCr alloy. It is most likely that
the event corresponds to the growth of precipitates based on Y2O3. Similar studies
with an Fe-24Cr + 15 Y2O3 alloy showed precipitation of Y2O3 at 1000-1100 °C [20].
Finally, Figure 39 shows DSC results for the 14YWT alloy powders. The
scans for the 14YWT powders show a very broad irreversible thermal event that
occurs between approximately 800 and 1000 °C. The event may correspond to grain
growth that began to occur in the annealed powders at approximately 850 °C as
shown in Figure 31. The results show that the range from 600-850 °C is particularly
important in the processing of the alloys, because precipitates are forming and are
pinning the grain boundaries as will be shown in the next section 3.7.
The presence of nano-sized oxide clusters in the annealed powders was
confirmed by LEAP analysis. Figure 40 shows atom maps of Y, Ti, and O for
14YWT alloy powders milled for 40 hours and annealed at 850 °C. The atom map
clearly shows oxide clusters based on Y, Ti, and O that are less than 10 nm in size.
The results also suggest that the retention of sub-micron grains may be the result of
very small precipitates inhibiting grain growth at high temperature. It is extremely
important to note that nano-clusters are formed in the alloy powders after annealing.
The results indicate that the most important stage for developing nano-sized clusters
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Figure 39 DSC results obtained from 80 hour milled 14YWT powders.
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Figure 40 Atom probe map of 14YWT alloy powders milled for 80 hours and
annealed for 1 hour at 850 ºC.
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is during the canning stage before consolidation by hot extrusion as discussed in
section 2.2.
3.7

Alloy Extrusions

The 80 hour milled 14YWT alloy powders were held at temperature for 1
hour and consolidated by hot extrusion as described in section 2.2. Initially, 14YWT
alloys were extruded at 1175 °C based on reported values for the similar 12YWT
alloy [14]. A TEM micrograph of the as extruded 14YWT alloy is shown in Figure
41*. TEM examination of the extruded alloy shows a relatively large grain size and
rather coarse (>20 nm) precipitates. The precipitates were identified from electron
diffraction to be coarse Y2O3 particles. Nano-sized clusters based on Y, Ti, and O
were not observed in the extruded alloy.
The approximate diffusion distances of the substitutional impurities W, Cr,
and Ti [44] in α-Fe were calculated using the approximation:
x ≈ (Dt )

1/ 2

where x is the approximate diffusion distance, D is the diffusion coefficient for
diffusion in α-Fe, and t is the time. The approximate diffusion distance was
calculated assuming a time of 1 hour as the alloys are maintained at temperature for 1
hour before extrusion. The results are shown in Figure 42 for the range of 600 to 1200
°C. It is seen that the diffusion distance is quite high and is on the order of 50 µm.
The extremely large diffusion distance suggests that the 1175 ºC extrusion

*

TEM experiment performed by D. Hoelzer, ORNL.
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(a)

(b)
Figure 41 TEM examination of 14YWT alloy extruded at 1175 °C showing: (a)
large grain size and coarse Y2O3 precipitates, (b) diffraction pattern of Y2O3
precipitate.
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Figure 42 Approximate diffusion distance x~(Dt)1/2 of substitutional impurities
Ti, Cr, and W in α-Fe using a time of 1 hour.
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temperature is not favorable for a high number density of small precipitates or
clusters to form, but instead favors the precipitation of coarse Y2O3 particles.
Based on the results of the thermal studies of the powders (section 3.6) and
the observations of extruded material obtained at 1175 °C, the extrusion temperature
was reduced to 850 °C. A BSE image of the 14YWT alloy consolidated at 850 °C is
shown in Figure 43. The figure clearly shows a bi-modal grain size which is very
similar to that seen in the annealed powders (refer to Figure 32). The microstructure
of the extruded alloy is shown in more detail in the TEM image of Figure 44. The
results show small, sub-micron grains consistent with those in the as-milled particles
along with large (>1 µm) recrystallized grains.
Electron Microprobe analysis was conducted to examine the elemental
distribution within the extruded material. Figure 45 shows the distribution of
elements including Ti, and Y obtained by scanning the microprobe across fine and
coarse grained regions. The results clearly indicate that the fine-grained regions
contain Y while the coarse-grained regions do not. Further investigation revealed
nano-sized precipitates rich in Ti decorating the grain boundaries of the small-grained
region [22]. Figure 46 shows energy-filtered TEM (EFTEM) images taken in the
small grain region. In the jump maps shown in the figure, light areas show areas rich
in Fe or Ti, while dark areas show the absence of these elements. It is important to
note that the presence of sub-micron grains at high temperature is direct evidence of
the formation of nano-sized precipitates which are pinning the grain boundaries.
Similar behavior was noted when examining the annealed powders in section 3.6. It
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Figure 43 BSE image of 14YWT alloy extruded at 850 °C.
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Figure 44 TEM image of 14YWT alloy extruded at 850 °C showing fine and
coarse grained regions.
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Figure 45 Electron Microprobe scan of extruded 14YWT alloy showing
distribution of Y, Ti, and W in the fine and coarse grained regions.
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(a)

(b)
Figure 46 EFTEM images taken in small grain region showing nano-sized
particles decorating grain boundaries: (a) Fe jump map, (b) Ti jump map [22].
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is also important to note that the dispersion of Y does not seem to be uniform in the
extruded alloys or annealed powders.
It was discovered that rotor wear was very significant during the milling of the
numerous batches of alloy powders. Rotor wear was discovered by noting a large gap
between the rotor blades in the attrition mill and the mill housing and by noting a
significant loss of rotor and blade mass. The wear probably accounts for the
inefficient and non-uniform dispersion of Y in the annealed powders and extruded
alloys. After a new rotor and blades were installed, a final milling was conducted on
14YWT alloy powders. Based on the results discussed above, the milling time was
reduced to 40 hours and alloys were extruded at the lower temperature of 850 °C. An
SEM micrograph of the extruded alloy is shown in Figure 47. Figure 47 shows a very
uniform microstructure of sub-micron grains which implies the presence of small
nano-sized precipitates as discussed above. It also implies a much more efficient
distribution of Y after re-milling with new blades.
3.8

Discussion

As with previous studies on 12YWT alloys, nano-cluster formation was
observed in the 14YWT alloys but not in the 14Y alloys as evidenced by the retention
of sub-micron grains at high temperature. It should again be noted that precipitation
occurs in the alloys before extrusion, indicating that the early stages of processing (i.e.
milling and heat treatment) of the alloys is very important. The results suggest that
extrusion (which is a difficult step in the processing) is not necessary to form nano-
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Figure 47 SEM micrograph of 14YWT alloy milled for 40 hours and extruded at
850 °C showing uniform sub-micron grains.
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sized clusters in the 14YWT alloys. It is then possible to study which conditions
might give the most favorable dispersion of precipitates by simply milling and heat
treating alloy powders.
The results also indicate that the formation of nano-sized precipitates in the
14YWT alloy depends on many things. The first is the reduction of alloy powder
grain sizes during milling to the sub-micron range. Precipitation of nano-clusters
seems to be occurring at the sub-micron grain boundaries. The grain boundaries are
being pinned by the small precipitates as is evidenced by sub-micron grains existing
even after thermal treatments at high temperature. Second, milling must occur for
sufficient time to uniformly disperse the Y in the microstructure. Lastly, heat
treatment must be carried out at temperature ranges favorable for the formation of
precipitates, as heat treatment at very high temperatures leads to rather coarse
precipitates. Heat treatment during the degassing and canning stage is quite crucial.
Additional work is needed to determine if Y is mobile at lower temperatures and to
determine if nano-clusters can be more effectively nucleated at even lower
temperatures.
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4

CONCLUSION
The microstructure and mechanical properties of Fe-14Cr, Fe-14Cr + 0.25 wt.

% Y2O3, and Fe-14Cr-3W-0.4Ti + 0.25 wt. % Y2O3 alloys were seen to be very
similar during milling and were little affected by the presence of Y2O3 or alloying
elements. Hardness increased with continued milling of the powders to over 10 GPa
after 80 hours of milling. Milling of the powders resulted in the reduction of
crystallite sizes to nanometer dimensions in all of the alloy powders as measured by
x-ray diffraction techniques. The hardness of the powders was seen to follow a HallPetch type of relationship with crystallite size. Ball milling also resulted in
dissolution of Y2O3 dispersoid in the milled powders as shown by LEAP tomography.
The results suggest that milling for 40 hours is appropriate as mechanical milling
becomes inefficient at longer times. The 40 hour mill time seems to be sufficient to
reduce the grain size of alloy powders to nanometer size and to uniformly disperse Y
in the microstructure.
Thermal studies showed that the temperature range from 600-850 °C seems to
be very important for the formation of nano-sized precipitates in the alloys. The
presence of Y2O3 dispersoid was seen to increase the recrystallization temperature in
the 14Y alloys as compared to Fe-14Cr alloys. Recrystallization and grain growth
was essentially suppressed in the 14YWT alloys even up to 850 °C. The retention of
a sub-micron grain size in the 14YWT alloys was direct evidence for the formation of
nano-clusters rich in Y and Ti as confirmed by LEAP analysis. Precipitation of
clusters occurred in the as-annealed powders before extrusion in the alloys. High
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temperature x-ray diffraction results also showed austenite formation in the range of
900-1000 °C. These two results suggest that the temperatures used in degassing and
heating before extrusion is crucial to obtain the most favorable microstructure.
Alloy extrusions that were conducted at 1175 °C showed very coarse
precipitates based on Y2O3 and a relatively large grain size in the consolidated
materials, which indicated that the extrusion temperature was too high to obtain a
favorable dispersion of precipitates. Subsequent extrusions at 850 °C showed a bimodal grain size distribution. Nano-sized precipitates were seen decorating the grain
boundaries in the fine-grained regions. Analysis revealed that the dissolution of Y2O3
was non-uniform and occurred only in the fine-grained regions. After replacing the
attrition mill impeller alloy powders were milled for 40 hours and extruded at 850 °C
and the result was a very uniform sub-micron grain size.
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